In recent years, jellyfish populations have increased in coastal waters throughout the world including Japan. Jellyfish (Aurelia aurita, Chrysaora melanaster, and Stomolophus nomurai) infestations of coastal waters inflict great damage on power plants and fisheries. 1 Jellyfish carcasses collected mechanically at power plants and captured by fishing nets have neither been used nor recycled although those are a limited resource. It is worthwhile to develop a means to use jellyfish productively. We have proposed the use of jellyfish carcasses as a fertilizer for vegetables. 2,3 Such a practice would conserve natural resources and achieve a resource-circulating society.
In recent years, jellyfish populations have increased in coastal waters throughout the world including Japan. Jellyfish (Aurelia aurita, Chrysaora melanaster, and Stomolophus nomurai) infestations of coastal waters inflict great damage on power plants and fisheries. 1 Jellyfish carcasses collected mechanically at power plants and captured by fishing nets have neither been used nor recycled although those are a limited resource. It is worthwhile to develop a means to use jellyfish productively. We have proposed the use of jellyfish carcasses as a fertilizer for vegetables. 2, 3 Such a practice would conserve natural resources and achieve a resource-circulating society.
Our previous research 2 has shown that jellyfish contain five principal fertilizer components: N, P, K, Mg, and Ca. They also contain trace elements that are required for plant growth. The concentrations of harmful elements such as As, Cd, Hg, and Pb were less than the respective limits of quantification. Our previous research 3 has demonstrated that jellyfish suspensions are effective for vegetable growth, especially for chingentsuai (bok choy) and spinach. However, the high concentrations of Na + contained in jellyfish tend to depress vegetable growth. Presumably, the high concentrations of Na + in jellyfish would decrease by evaporating water to precipitate NaCl. In this case, it is desirable that other useful components be removed to a lesser degree. Determination of NH4 + cations and alkali and alkaline earth metal cations in jellyfish is necessary to optimize the procedure described above.
The relevant constituents of jellyfish have been quantified using conventional methods, such as indophenol blue spectrophotometry for NH4 + , flame photometry for Na + and K + , and ICP emission spectroscopy for Mg 2+ and Ca 2+ in our previous paper. 2 Concentrations of alkali and alkaline earth metal cations in jellyfish resemble those found in seawater. Therefore, a method for seawater analysis is useful for jellyfish analysis. Furthermore, an analytical method that enables simultaneous determination of those cations appears to be more attractive than conventional methods. Ion chromatography has been applied for determination of NH4 + cations and alkali and alkaline earth metal cations. 4 However, NH4 + seems not to be sufficiently separated from high concentrations of Na + , even if seawater samples are diluted 200 times. Alkali and alkaline earth metal cations in seawater have also been determined using capillary zone electrophoresis (CZE) with indirect detection. Tangen et al. 5 described determination of alkali and alkaline earth metal cations in mixtures of seawater and formation water using 4-methylbenzylamine as a high-UV-absorbing compound and α-hydroxyisobutyric acid (HIBA), 18-crown-6, and methanol to modify electrophoretic mobilities. Schnierle and Hauser 6 achieved separation of Na + , K + , Mg 2+ , and Ca 2+ in seawater using a quaternary amine-coated capillary to improve separation and using imidazole as a high-UV-absorbing compound. Recently, Okamoto et al. 7 developed a highly sensitive CZE procedure for determination of Sr 2+ and Li + in seawater using transient isotachophoresis (ITP). Quite recently, Nemutlu and Özaltın 8 determined Na + , K + , Mg 2+ , and Ca 2+ in blood plasma samples using CZE.
However, CZE determination of alkali and alkaline earth metal cations including NH4 + in highly saline samples, to the best of our knowledge, has never been attempted before. The present study developed a CZE procedure for determination of NH4 + , Na + , K + , Mg 2+ , and Ca 2+ in jellyfish. This is the first paper on the determination of those cations in jellyfish. The following analytical conditions were examined using artificial seawater containing NH4 + as sample solutions: effects of concentrations of citric acid and 18-crown-6 in the background electrolyte (BGE), amount of sample injected into the capillary, and the addition of methanol to the BGE on separation behavior of the analytes described above. The proposed method was applied to determination of analyte cations in supernatant solutions of jellyfish (A. aurita and S. nomurai) that were stored at room temperature in polypropylene containers, for almost seven months and four years, respectively, after they were collected. Supernatant solutions were concentrated by heating in vacuo. The analytes in the resultant solutions were also determined using this method to examine the effects of the concentration procedure.
Experimental

Apparatus
The capillary electrophoresis (CE) apparatus used throughout this study had a UV-visible absorbance detector (270A-HT; PerkinElmer, Foster City, CA, USA). A polyimide-coated fused-silica capillary electrophoresis column was used (75 μm i.d. × 375 μm o.d.; GL Sciences Inc., Tokyo, Japan). The total length of the column (Ltot) was 72 cm; its effective length (Ldet) was 50 cm. Peak area, peak height, and migration time were measured using a Chromato-Integrator (D-2500; Hitachi Ltd., Tokyo, Japan). The concentration system for supernatant solutions of jellyfish consists of a rotary evaporator (RE52; Yamato Scientific Co. Ltd., Tokyo, Japan), a vacuum pump (DIVAC1.2L; Leybold Vacuum Japan Co. Ltd., Yokohama, Japan), a vacuum regulator (VR100; Yamato Scientific Co. Ltd.), and a refrigerated circulator (CCA-1100; Tokyo Rikakikai Co. Ltd., Tokyo, Japan).
Reagents
All reagents were of analytical-reagent grade and were used as received. The BGE was prepared using N-methylbenzylamine (Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan), citric acid monohydrate (Nacalai Tesque Inc., Kyoto, Japan), 18-crown-6 (Aldrich Chemical Co. Inc., Milwaukee, WI, USA), and 2-ethyl-n-butyric acid (Tokyo Kasei Kogyo Co. Ltd.). Artificial seawater was prepared based on JIS K 2510. 9 Calibration graphs for NH4 + , Na + , K + , Mg 2+ , and Ca 2+ were prepared from 1000 mg l -1 chloride salts (Nacalai Tesque Inc.) with subsequent dilution.
NH4 + concentration was expressed as nitrogen concentration. Distilled, demineralized water, obtained from an automatic still (WG220; Yamato Scientific Co. Ltd.) and a Milli-QII system (Nihon Millipore Ltd., Tokyo, Japan), was used for all experiments. All solutions used in this study, including the surface seawater and the supernatant solutions of jellyfish, were filtered through a 0.45-μm membrane filter (Advantec Toyo Kaisha Ltd., Tokyo, Japan) before use.
Sample preparation
Our previous study 2 revealed that concentrations of alkali and alkaline earth metal cations in jellyfish were similar to those in seawater; total-nitrogen (total-N) concentration in A. aurita was ca. 420 mg kg -1 (420 mg l -1 ); 79% of the total-N was transformed to NH4 + after it had been stored for seven months at room temperature. Therefore, artificial seawater, diluted 100-fold, containing 4.0 mg l -1 NH4 + -N, was prepared for examination of analytical conditions for the simultaneous determination of NH4 + , Na + , K + , Mg 2+ , and Ca 2+ . A seawater sample was taken from the surface of a small harbor at our university directly in a 100-ml polypropylene bottle. As a pretreatment procedure, only filtration was required for seawater samples. The filtrate was diluted 100-fold before analyses. Jellyfish (A. aurita) were collected at a steam-power plant on the coast of the Inland Sea of Japan during July, 2004. A jellyfish (S. nomurai), whose weight was ca. 24 kg, was captured at a nuclear-power plant on the coast of the Sea of Japan in October, 2000. Jellyfish (A. aurita and S. nomurai) were stored, respectively, in polypropylene containers at room temperature for almost seven months and four years after they were collected. We have already found that the longer the storage period, the higher the concentrations of NH4 + and PO4 3-in the supernatant solutions of jellyfish. This fact suggests that the supernatant solutions can be used as a liquid fertilizer. The supernatant solutions of jellyfish were filtered even though they were almost clear. The filtrate was diluted 100-fold before analyses. In addition, 40 ml of the filtrate in a 50 ml eggplantshaped flask was concentrated by heating at 40˚C in vacuo at 70 hPa using the concentration system. A small amount of the concentrated solution was filtered using a syringe-driven filter unit (Millipore Corp., Bedford, MA, USA) and 0.05 or 0.1 ml of the filtrate was diluted 1000-fold before analyses.
Procedure
The following procedure determined NH4 + , Na + , K + , Mg 2+ , and Ca 2+ in seawater and jellyfish samples that were treated as described above. The detection wavelength was set at 214 nm. The thermostat was maintained at 30˚C. New capillaries were washed with 1 mol l -1 NaOH for 40 min, and then with water for 10 min. The capillary was filled with BGE (a mixture of 10 mmol l -1 N-methylbenzylamine, 0.5 mmol l -1 citric acid, and 16 mmol l -1 18-crown-6 adjusted to pH 4.8 with 2-ethyl-n-butyric acid) by vacuum for 3 min. A sample was vacuum-injected into the CE apparatus for 1 s (ca. 21 nl). With the sample inlet side as the anode, a 20 kV voltage was applied. The capillary was rinsed with 0.1 mol l -1 NaOH and water (3 min each) between runs. Each step was run automatically. Calibration graphs were prepared using synthetic standards.
Results and Discussion
Method optimization Concentrations of citric acid. Two peaks, with one shoulder peak, were observed when a BGE containing only 10 mmol l -1 N-methylbenzylamine as a high-UV-absorbing compound adjusted to pH 4.8 with 2-ethyl-n-butyric acid was used. The first peak corresponded to the mixed zone of NH4 + and K + . The second peak corresponded to that of Na + , Mg 2+ , and Ca 2+ . It was necessary to resolve K + from NH4 + , and Mg 2+ and Ca 2+ from Na + . Citrate was used as a complexing agent for CZE separation of alkali metals from alkaline earth metals. 10 The concentrations of citric acid in the BGE containing 16 mmol l -1 18-crown-6 were varied in the range 0 -0.8 mmol l -1 for the separation of alkali metals from alkaline earth metals. Figures  1(A) -(D) illustrate the results. Na + , Mg 2+ , and Ca 2+ overlapped without citric acid in the BGE (Fig. 1(A) ). Mg 2+ and Ca 2+ were separated from Na + , but K + , Mg 2+ , and Ca 2+ overlapped when the citric acid concentration was 0.2 mmol l -1 ( Fig. 1(B) ). Peak tailings of Mg 2+ and Ca 2+ were observed when the citric acid concentration was 0.8 mmol l -1 ( Fig. 1(D) ). These phenomena were presumably caused by larger differences between the electrophoretic mobility for N-methylbenzylamine and those for Mg 2+ and Ca 2+ . 7, 11 The BGE containing 0.5 mmol l -1 citric acid enabled the baseline separation of all target cations ( Fig. 1(C) 10 used a BGE with pH 8.5 for CZE separation of NH4 + and K + . However, this strategy is not useful for our purpose because the decreased mobility of NH4 + might cause the attendant difficulty of separation of NH4 + from high concentrations of Na + in jellyfish samples. It is known that 18-crown-6 is a complexing agent for mutual separation of NH4 + and K + in electrophoresis. [12] [13] [14] [15] [16] [17] Separation is based on its larger stability constant with K + in water (log K = 2.03 at 25˚C, K = equilibrium constant) than that with ammonium (log K = 1.23 at 25˚C). 18 The concentration of 18-crown-6 in the BGE containing 0.5 mmol l -1 citric acid was increased to 20 mmol l -1 . NH4 + and K + overlapped without 18-crown-6 in the BGE. K + was separated from NH4 + , but K + and Na + overlapped when the concentration of 18-crown-6 was 12 mmol l -1 . K + and Ca 2+ overlapped when the concentration of 18-crown-6 was 20 mmol l -1 . The BGE containing 16 mmol l -1 18-crown-6 enabled the baseline separation of all target cations. Therefore, 16 mmol l -1 was adopted as the concentration of 18-crown-6 in subsequent experiments. Amount of sample injected into the capillary. The injection periods were varied in the range 0.5 -1.5 s (ca. 11 -32 nl) using the BGE (a mixture of 10 mmol l -1 N-methylbenzylamine, 0.5 mmol l -1 citric acid, and 16 mmol l -1 18-crown-6 adjusted to pH 4.8). The peak areas for NH4 + , Na + , K + , Mg 2+ , and Ca 2+ increased almost proportionally to the amount of sample injected into the capillary.
Correlation coefficients for regression equations relating area response to injection period for each sample (x, 0 -1.5 s) were 0.999 for NH4 + , Na + , Mg 2+ , and Ca 2+ , but somewhat worse, 0.985, for K + . All analyte cations were sufficiently separated when the injection period was 0.5 and 1.0 s. However, Na + , K + , and Ca 2+ were not sufficiently separated with a sample injection period of 1.5 s. Taking into account the results described above, we adopted 1.0 s as the injection period for sample solutions. Addition of methanol. It was possible to decrease the 18-crown-6 concentration as well as the citric acid concentration using the BGE containing 10% and 20% (v/v) methanol. However, the tendency of peak fronting for NH4 + and Na + and that of peak tailing for Mg 2+ and Ca 2+ were strengthened with increased concentration of methanol in the BGE. Consequently, the BGE without methanol was adopted for subsequent experiments.
Method validation
Standard solutions for NH4 + , Na + , K + , Mg 2+ , and Ca 2+ were analyzed using the proposed procedure to prepare calibration graphs. Linearity was observed for the above cations using peak area. Table 1 summarizes the relative standard deviations (RSDs), limits of detection (LODs), and regression equations for analyte cations using the proposed method. The LODs (a signal-to-noise ratio of three) for Na + (0.34 mg l -1 ), K + (0.30 mg l -1 ), Mg 2+ (0.13 mg l -1 ), and Ca 2+ (0.21 mg l -1 ) in our method were inferior to the respective LODs (0.14 mg l -1 for Na + , 0.15 mg l -1 for K + , 0.08 mg l -1 for Mg 2+ and Ca 2+ , three times the standard deviation obtained for a solution containing 1 mg l -1 of each element by Tangen et al.) . 5 However, the LODs for our method were sufficient to determine those cations in jellyfish. The RSDs of the peak area, peak height, and migration time for all analyte cations were not greater than 4.9%.
Applications
The proposed method was applied to determination of NH4 + , Na + , K + , Mg 2+ , and Ca 2+ in artificial seawater and in a seawater sample taken from the surface of a small harbor at our university. Table 2 summarizes those results. The error was less than ±7.4% for the analysis of the artificial seawater. Figure 2 (A) depicts an electropherogram of the seawater sample. The proposed method was applied to determination of NH4 + , Na + , K + , Mg 2+ , and Ca 2+ in jellyfish samples before and after concentration using the concentration system. The analyte cations in suspensions of the jellyfish were also determined by 1131 ANALYTICAL SCIENCES AUGUST 2006, VOL. 22 conventional methods. Indophenol blue spectrophotometry 19 was used for determination of NH4 + . Flame photometry 19 and ICP emission spectroscopy 19 were used for Na + and K + , and Mg 2+ and Ca 2+ , respectively, after decomposition with HNO3-HClO4. Table 3 presents analytical results as well as rates of decrease of the above cations.
Figures 2(B) and 2(C) respectively illustrate electropherograms of A. aurita and S. nomurai before concentration. A sharp NH4 + peak was obtained with complete separation from the large Na + peak. Ion chromatographic separation of adjacent Na + and NH4 + peaks with higher concentration ratios is known to be infeasible using ordinary separation columns. 20 Better separation is obtainable using a newly developed column. 20 The 22 Therefore, the rate of decrease was calculated with the following equations, provided that K + did not precipitate.
Therein, Ri is the rate of decrease (%) for cation i, Ci b and Ci a respectively denote the concentrations of cation i before and after concentration; k is the concentration ratio. The proposed concentration method was effective to decrease the Na + content in jellyfish samples: RNa was ca. 76% for A. aurita and ca. 78% for S. nomurai. Other components were not removed or remained at high concentrations, although most Ca 2+ precipitated: RNH 4 was 28% for A. aurita and 4.0% for S. nomurai. It remains unclear why the values of RMg for both jellyfish samples were negative, but the reason will be examined.
We developed a CZE method for determination of NH4 + , Na + , K + , Mg 2+ , and Ca 2+ in jellyfish. The proposed method was applied to determination of analyte cations in supernatant solutions of jellyfish, which were stored for more than seven months. The analyte cations in the supernatant solutions concentrated by heating in vacuo were also determined using the method. The proposed method has the advantage of permitting simultaneous determination of NH4 + and high concentration of Na + as well as the other cations in jellyfish. The method is simple and possesses sufficient detection power and precision to be useful for examination of the effects of the concentration procedure for the supernatant solutions of jellyfish. Table 2 ; (B) A. aurita; (C) S. nomurai. Electrophoretic conditions and peak identification are identical to those shown in Fig. 1(C) . a. Electrophoretic conditions are as in Fig. 1(C) . b. Prepared based on a Japanese Standard.
